92
An additional limitation unique to co-culture setups is that typical flow cytometry obtains 93 relative counts rather than absolute counts, i.e. each cell type is expressed as a percent of the total 94 sample assayed. This may generate misleading results when comparing counts for multiple cell 95 types between conditions.
96
To address the shortcomings of the various cell quantification assays, we have put 97 together a relatively simple optical counting setup with tools readily available in most labs (Fig   98 1) . The proposed system uses a standard fluorescent microscope to quantify individual cells on a 99 multiwell plate with superior sensitivity, resolution, and dynamic range. The system utilizes 100 established staining techniques to label cells, and subsequently quantifies every cell in the entire 101 experimental space via whole-well imaging, thus precluding the need for trypsinization or cell 102 scraping. The image data is then run through ImageJ for preprocessing and then analyzed in 103 CellProfiler, a free-to-use cell segmentation software, to generate absolute cell counts for every 104 well. In addition, by utilizing a combination of staining techniques, multiple cell types (even 105 those with complex morphologies) can be uniquely identified and absolutely counted, permitting 106 the setup of more complicated co-culture experiments that were not previously feasible, one of 107 the strongest aspects of the proposed system.
108
It should be noted that other optical counting systems have been developed to address the 109 aforementioned limitations of flow cytometry. However, the optical system we present here still 110 bears a number of advantages over these pre-sold cytometric platforms. First, for labs that 111 already possess a fluorescent microscope, the optical cytometer is a relatively small investment 112 to the overhead cost of buying a prebuilt optical counting system or flow cytometer. Further, 113 unlike most commercial counting systems, the optical cytometer discussed here is flexible in the 114 assays and cell types that can potentially be analyzed, and highly customizable in both setup and 115 analysis, permitting the extraction of more relevant and robust information per experiment. In 116 this way, biological workflow is not limited by the vendor-specific restrictions of pre-built 117 systems, but rather expanded to include all functionalities of standard fluorescent microscopes.
118
Many image cytometers currently on the market also exhibit a smaller dynamic range and 119 reduced sensitivity compared to the system we present here. Lastly, most commercial cytometric 120 platforms are not able to discriminate multiple unique cell populations, with potentially complex 121 morphologies, within a single well. This is largely due to the inability of most commercial 122 cytometers to accurately segment non-spherical morphologies, thus restricting their applicability 123 for most co-culture setups. A more in depth comparison of our optical cytometer to 124 commercially available systems, including in cost, can be found in the discussion as well as 125 supplementary section (Text S1). 145 Immediately following seeding, cells were exposed either to 1 μg/mL of lipopolysaccharide 146 (LPS) (Sigma-Aldrich; St. Louis, Missouri), 0.1 μg/mL of mouse interferon gamma (IFNγ)
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147 (BioLegend; San Diego, California), both 1 μg/mL of LPS and 0.1 μg/mL of IFNγ, or neither.
148 After a 24-hour incubation, the wells were washed twice with Phosphate Buffered Saline (PBS).
149 JC CRL 2116 cells were then added at 1×10 4 cells/well in RPMI media to every well. Cells were 150 processed and imaged after 24 hours.
Cell Staining

152
For assays requiring only a nuclear stain, cell processing was performed immediately 153 prior to imaging. After firm cell adhesion, media was removed from the wells by inverting the 154 plate and cells were fixed for 15 minutes in BD Cytofix (BD Biosciences; San Jose, California). 181 with DAPI, Vybrant CFDA SE, and PE anti-mouse CD11b antibody respectively. Using the 182 associated Nikon software, NIS-Elements, an automated macro was set up for whole-well 183 acquisition. First, an x-y coordinate list demarcating the center of every well was generated by 207 and z stage-to automate capture of the whole well using movement in the x-and y-plane to 208 image the well and movement in the z-plane to autofocus (Fig 2) .
209
To count individual cells, wells were stained with a DAPI nuclear stain. Nuclei are often 210 roundly shaped and spaced from adjacent nuclei by the cell cytoplasm and membrane, making 211 segmentation relatively straightforward. In addition, there is usually one nucleus per cell, making 212 nuclear segmentation ideal for cell counting. To demonstrate the power of nuclear counting and 213 whole-well imaging, a linear dilution series of JC CRL 2116 mouse adenocarcinoma cells going 214 from 10,000 cells/well all the way down to 1,000 cells/well was plated; an experiment spanning 215 one order of magnitude. Three linear curves were then generated from five random images, a box 216 crop of the whole-well image, or the whole-well image itself, and used to determine cell count 217 (Fig 3) . Accuracy improves significantly as the percentage of the experimental space being 218 assayed increases, with whole-well imaging displaying a near-perfect R 2 and minimal error 219 between replicates.
Establishing Dynamic Range and Sensitivity
221
The optical cell cytometer obtains accurate counts by counting individual cells. In theory 222 it should be able to count anywhere from one cell to the confluency limit of the well plate the 223 experiment is conducted in with single-cell precision. To demonstrate the dynamic range of the 224 system, half-log dilutions of JC CRL 2116 cells going from 100,000 cells/well all the way down 225 to 100 cells/well were plated in a 12-well plate; an experiment spanning three orders of 226 magnitude (Fig 4) . The system performs strongly up to the confluency limit of the plate with a 227 dynamic range limited only by the surface area of the multiwell. Even at confluency, nuclei 228 remain sufficiently spaced apart permitting accurate segmentation ( Fig S1) .
To validate the sensitivity of the system, a linear dilution series starting at 100 cells/well 230 and going down to 1 cell/well was also plated. However it was found that at such low 231 concentrations, it was not feasible to reliably plate the desired number of cells. Accordingly, the 232 cells that were plated were manually counted in the brightfield channel and compared with 233 CellProfiler counts obtained from segmenting nuclei in the DAPI channel (Fig 5) . The system 234 demonstrates an extraordinary level of sensitivity and resolution, as it performs robustly even at 235 the single-cell level, with most deviations attributable to human error when manually counting. 258 antibodies (surface stain) as well as DAPI (nuclear stain) immediately prior to imaging. The 259 system performs less than ideally when segmenting the cytoplasmic or surface stains alone (Fig   260 S2) . When nuclei are used as seeds however, the optical cytometer performs robustly both for 261 cytoplasmic and surface staining (Fig 6) .
Quantification of Multiple Adherent Cell Types
263
To demonstrate the ability of the optical cell cytometer to determine absolute counts of 
278
The results of the test reveal an interesting relationship between macrophage activation 279 and tumoricidal activity. The more strongly primed the macrophages, the more pronounced the 280 tumoricidal response; however, strongly primed macrophages also lose the ability to proliferate, 281 indicated by a sharp drop in macrophage count (Fig 7a) . Absolute counts of both cell populations 282 show that erroneous results would have been obtained by any setup that looks at relative counts 283 (Fig 7b) . Cytometric analysis reveals that primed J774.A1 macrophages are also larger in size 284 (Fig 7c) and appear to have either increased uptake or phagocytic activity, as demonstrated by 285 the retention of Vybrant dye that was initially present in the cytoplasm of the JC CRL 2116
286 tumor cells (Fig 7d) . CD11b expression levels, which are known to be upregulated under certain 287 activation conditions, do not appear to increase under these experimental conditions (Biswas & 288 Sodhi 2002).
Discussion
290
We present here a relatively simple optical counting setup that brings together several 291 established techniques-including automated microscopy, cellular staining, and cell 292 segmentation-to quantify every cell in an experimental space, without the need for 293 trypsinization or cell scraping. Using whole-well imaging, we demonstrate that taking 294 representative or random images of a well to make a claim about cell viability/counts may be 295 misleading given the non-uniform distribution of cells in a well. In addition, by counting each 296 individual cell using nuclear segmentation, we demonstrate the impressive accuracy and 297 resolution of our optical quantification system. In general, counting single events/cells provides a 298 resolution that cannot be obtained with bulk ensemble measurements, and can significantly 299 improve sensitivity (Chang et al. 2012; Rissin et al. 2010 ). This approach, in conjunction with 300 whole-well imaging, also offers increased statistical power as the experimentally relevant region 301 is sampled in its entirety.
302
Next, we show that the system can accurately quantify cells up to the confluency limit of 303 the plate. By increasing the surface area of each well however, it is possible to expand the 304 working range of the optical cytometer. Though 12-well plates were used here to accurately 305 quantify up to 100,000 cells/well, it is possible to use 6-well plates or less, with a larger 306 corresponding surface area per well, to push the upper limits of detection.
307
On the lower end of the optical cytometer's operating range, illumination correction, 
330
We next show that certain cytoplasmic and surface stains, in conjunction with a nuclear 331 stain, can be used to effectively differentiate cell populations in a co-culture setup. Vybrant 
338
For counting of more than one cell type in a co-culture setup, using a mask generated 339 from the fluorescent outlines of either a surface or cytoplasmic stain to delineate which nuclei 340 belong to which cell type proved to be the most robust. To do this, whole-cell fluorescence-341 generated from either a surface or cytoplasmic stain-is used to create an inclusive mask that 342 retains nuclei contained within. This method can be repeated iteratively for each cell specific 343 stain, eventually grouping every nucleus with its associated cell population. These filtered nuclei 344 images can then be segmented and quantified using standard nuclear segmentation to generate 345 respective counts for each cell type. This approach is made possible using the unique fluorescent 346 staining and algorithmic combination proposed herein, and overcomes many of the limitations of 347 traditional segmenting systems. A sample workflow of this process with associated images can 348 be found in the supplementary section (Fig S3) .
349
It should be mentioned that many commercial image cytometers largely rely on primary 363 outline of the cell to generate a mask removes the need for primary segmentation of these stains, 364 and instead harnesses the accuracy/power of nuclear segmentation, allowing for highly accurate 365 quantification of multiple cell types with varying morphologies in a co-culture setup. If a user 366 was already in possession of a commercial optical counting system, the proposed algorithmic 367 approach could be adapted to achieve the same results.
368
The ability of the optical cytometer to accurately count individual cells of a specific 369 population is best demonstrated by the macrophage-tumor co-culture experiment we recreated. 
387
In addition to cell count, the optical cytometer was able to extract morphological data, 388 such as cell size and mean fluorescence intensity, for every cell. The system is also capable of 389 extracting additional parametric data, such as cell eccentricity, orientation, number of neighbors, 390 first closest object distance, and granularity, extending its capacity beyond simply counting, and 391 into cytometry. The cytometer is also compatible with other fluorescent-based assay stains 392 including annexin V and/or propidium iodide for assessing cell death, CFSE or BrdU for 393 measuring cell proliferation, and alamarBlue or calcein AM for determining cell viability. For 394 many fields of biology where the interaction between multiple cell types is important, the ability 395 to conduct this type of co-culture experiment may prove invaluable.
396
Suggestions for improving and expanding the capacities of the optical cell cytometer for 397 co-culture as well as mono-culture studies can be found in the supplementary section. They 414 Since the system is put together by the user, it is highly customizable, and allows for direct 415 assessment of assay performance.
416
The optical cytometer has the added benefit of assessing adherent cells directly on the 417 plate without needing to bring them into solution. As a result, the system does not require caustic 
